This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. and its compounds, which have the extensive application in diverse industries including metallurgy, textile and electroplating, are known to be genotoxic and mutagenic to humans. Although it is supported by a large body of literatures that p53 and caspase-3 played key roles in Cr(VI)-induced cytotoxicity, it is clear that Cr(VI) could induce apoptosis either without activating caspase, or in a p53-independent manner. Methods: In the present study, by using Z-VAD-fmk to inhibit caspase-3 in p53-deficient Hep3B cells, we explored the effect of Cr(VI) on apoptosis induction and the related mechanisms when the functions of p53 and caspase were simultaneously blocked. Results: We found that Cr(VI) still induced DNA damage, mitochondrial injury, oxidative stress and apoptosis in Hep3B cells without the functional roles of p53 and caspase-3, and the mechanism study revealed that this was in a ROS-dependent manner since NAC co-treatment showed the protective effect against Cr(VI)-induced apoptosis. Conclusion: Our research has disclosed the mechanism involved in Cr(VI)-induced cytotoxicity following the loss of p53 and caspase-3 functions and shed light on the importance of using antioxidants for primary and secondary prevention in Cr(VI) occupational exposure populations.
Introduction
Chromium (Cr), which was found in 1797 by Vauquelin, is widespread in nature [1] . Cr exists in multiple valence states, among which the most common and stable states are trivalent [Cr(III)] and hexavalent [Cr(VI)]. Cr and its compounds are important raw materials in modern industrial production, and play an important role in the fields of automobile, textile, printing, leather, pharmaceutics and aviation [2] . Cr wastes can cause environmental pollution which is harmful to human and ecosystem health. Both chronic and excessive exposures to Cr lead to skin and nasal ulcers, atopic dermatitis, neurotoxicity, genotoxicity, and even cancers [3] [4] [5] . Cr(III), an indispensable nutrient element that plays an important role in the metabolism of sugar, fat, protein and nucleic acid, is relatively stable and does not easily cross cell membrane [6] . Cr(VI) was classified as a confirmed human carcinogen by the International Agency for Research on Cancer (IARC) in 1990.
Cr(VI) can easily get into the cell through SO 4 2-/HPO 4 2-ion channels [7, 8] . Once inside the cell, Cr(VI) will gradually be deoxidized into Cr(V), Cr(IV) and Cr(III) by ascorbic acid and low molecular weight thiol compounds such as glutathione and cysteine [9] . The reduction products could alter the biological activity of DNA, proteins and enzymes via direct covalent binding [10] . During the reduction process, Cr(VI) could induce the accumulation of reactive oxygen species (ROS) [11] , which are included in the oxygen-derived free radicals, such as superoxide anion (O 2 -), hydroxyl radical (OH -), and hydrogen peroxide (H 2 O 2 ). By affecting the antioxidant system [superoxide dismutase (SOD), catalase (CAT)] and non-enzymatic antioxidant systems (glutathione and vitamin C), Cr(VI) could also cause the oxidative damage of lipids, DNA and protein [12] . Thus, Cr(VI) plays an important role in the initiation of apoptosis. ROS can be detected in the early stage of apoptosis and it is considered to be the main mechanism of Cr(VI)-induced cytotoxicity.
Liver is the main target organ of Cr(VI) [13] . The liver tissue biopsy collected from Chromate production workers showed significant morphological and functional abnormalities [14] . Besides, occupational epidemiological survey also revealed that chromium could lead to liver injury [15] . p53 is a nuclear phosphoprotein of 393 amino acids involved in the regulation of cell proliferation and death [16] . Marisa, et al. reported that Cr (VI)-induced apoptosis mainly included two pathways, p53-dependent and p53-independent [17] . In the early stage of Cr(VI)-induced apoptosis (0-3h), mitochondrial damage and DNA degradation occurred while p53 was not activated, indicating that p53 is not involved in the apoptosis induction [18] . It is also suggested that ROS mediate early apoptosis caused by Cr(VI) because the application of antioxidants could inhibit the occurrence of apoptosis. In the late stage of Cr(VI)-induced apoptosis, p53 promotes apoptosis by activating the transcription of redox-related gene [19] . Hep3B cell line has been confirmed for p53 gene mutations [20] . The mutant p53 gene loses the function of tumor suppressing and the ability to regulate cell proliferation, but gains the function of some oncogenes which may lead to malignant transformation [21] .
Caspase is an intracellular protein cleaving enzyme that plays a key role in apoptosis regulation [22] . Recently, the increasing evidences revealed that under certain conditions, by increasing calcium and ROS levels, Cr(VI) could induce apoptosis without activating caspase [23, 24] . Z-VAD-fmk [Cbz-valine-alanyl-aspartyl-(O-carbamoyl)-fluoro methyl ketone] is a broad-spectrum protease inhibitor, which blocks the apoptosis executor caspase but does not affect cell survival rate [25] . A lot of work has been done on Cr(VI)-induced apoptosis, and most of the previous studies focused on p53 and caspase when the related mechanisms were explored [26, 27] . Although there is evidence stating the existence of p53-independent apoptotic pathway, no study was conducted to explore the effect of Cr(VI) on apoptosis when the functions of p53 and caspase are simultaneously blocked. In the present study, by using Z-VAD-fmk to inhibit caspase-3 in p53-deficient Hep3B cells, we explored the effect of Cr(VI) on apoptosis induction without the functional roles of p53 and caspase-3 and the related mechanism.
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Materials and Methods

Materials
Human Hep3B hepatoma cell line (Hep3B)was purchased from Shanghai Institute of Cell Culture Center (China). 3-(4,5-dimethylthiazol-2yl-)-2,5-diphenyl tetrazolium bromide (MTT), N-acetyl-L-cysteine (NAC), Z-VAD-fmk, Annexind-FITC, Propidium Iodide (PI), and Rodamine 123 (Rh123) were purchased from Sigma (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) high glucose medium powder, fetal bovine serum (FBS), and trypsin-EDTA (0.25%) were obtained from Gibco (Gaithersburg, MD, USA). Potassium dichromate (K 2 Cr 2 O 7 ) was obtained from Changsha Chemical Reagents Company (Changsha, China). All other chemicals and solvents were of analytical grade, HPLC grade or the best pharmaceutical grade.
Cells culture
Hep3B cells were cultured in DMEM medium supplemented with 15% (vol/vol) FBS, 2 mM L-glutamine, and antibiotics (50 U/ml penicillin and 50 μg/ml streptomycin) at 37°C in the incubator with 5% CO 2 . The culture medium was changed every other day.
Determination of cell survival rate
MTT assay was performed to examine cell survival rate as previously described with some modifications [28] . 100 μl medium containing 10 4 Hep3B cells were seeded in each well of 96-well plate. K 2 Cr 2 O 7 solution of indicated final concentrations was then added into each well 24 hours later. Control cells received DMSO only. After incubated at 37°C, Hep3B cells were treated with 5 μl 5 mg/ml MTT for additional 4 h, and then were lysed in lysis buffer containing 20% SDS and 50% N, N-dimethylformamide (pH 4.5). The absorbance was read under the ELISA reader Versamax (Molecular Devices, Sunnyvale, CA, USA) at 570 nm.
Measurement of Capase-3 activity
Caspase-3 Colorimetric Assay Kit (Millipore, Billerica, MA, USA) was used to detect the activity of caspase-3. Briefly, Hep3B cells were harvested and washed three times with ice-cold PBS. Then pellets were incubated for 40 min on ice with the buffer containing 50 mM Tris-HCl, 1 mM EDTA, and 10 mM ethyleneglycoltetraacetic acid (pH 7.4). The supernatants were then collected after centrifugation at 12,000 rpm at 4°C for 5 min. Caspase-3 substrate Ac-DEVD-Pna was added to the above supernatants to the final concentration of 100 µM. The samples were then incubated at 37°C for 1 h in the water bath. The activity of caspase-3 was described as the cleavage of the colorimetric substrate by measuring the absorbance at 405 nm. 
Flow cytometry analysis for apoptosis
Detection of DNA damage
Cr(VI)-induced DNA damage in Hep3B cells was determined by Single Cell Gel Electrophoresis (Comet Assay) according to the method developed by Singh et al. [29] . The Hep3B single cell suspension with a density of 10 5 /ml was mixed with the same volume of Low Melting Point (LMP) agarose (Sigma, NY, USA), and 100 μl were pipetted onto the slide that was previously coated with 1% Normal Melting Point (NMP) agarose (Sigma, NY, USA). After gelling at 4°C in the refrigerator for 30 min, the cells were lysed for 1 h in the lysis solution containing of 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10 ml Dimethyl Sulfoxide, 10% DMSO and 1% Triton X-100. The slides were washed twice in distilled water for 5 minutes and electrophoresed in a horizontal electrophoresis unit for 45 min (20 V, 300 mA). The slides were washed 3 times in 400 mM Tris buffer (pH 7.5) and stained with SYBR Green for 10 min. Observations were made under the fluorescent microscope coupled with camera. 200 cells from each group were randomly selected to count the positive rate of comet cells. All the steps were conducted in the dark. Cells with damaged DNA displayed high 
Detection of mitochondrial membrane permeability transition pore (PTP) open rate
The Hep3B cells were harvested after treatment and then were processed for mitochondria isolation as previously described with slight modifications [30] . Briefly, the cells were lyzed with lysis buffer containing 250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride. After homogenized with syringe, the Hep3B cells were centrifuged twice at 4°C. Mitochondrial pellets were obtained after the supernatants were centrifuged at 10,000×g for 15 min at 4°C. The fluorescence spectrophotometer was used to determine the opening rate of PTP at 25°C. The excitation and emission wavelengths are both 520 nm.
Determination of mitochondrial transmembrane potential (MMP, ΔΨm)
We measured MMP according to the method developed by Emaus et al. [31] with slight modifications. Fluorescence spectrometer was used to examine the release of Rhodamine 123 (Rh123) from mitochondria with the excitation and emission wavelengths of 495 nm and 535 nm, respectively. The uptake of Rh123 by mitochondria is considered to be completely depending on MMP. 20 mM Rh123 (final concentration) was added into each mitochondria suspension.
Measurement of cellular ROS levels
2', 7'-dichlorofluorescein (DCF), the oxidized product of the fluoroprobe 5-(and 6)-chloromethyl-2', 7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Molecular Probers, USA) was employed to detect intracellular ROS levels. The fluorescence intensity of DCF was considered to be directly proportional to the amount of ROS production. 1×10
6 cells from each treatment group were harvested into a 15-ml Falcon tube. Then the Hep3B cells were incubated in 0.5 ml PBS containing 10 µM CM-H2DCFDA (final concentration) for 40 min in the dark. The ROS levels were immediately detected by flow cytometer with excitation wavelength at 488 nm and emission wavelength at 535 nm.
Determination of cellular oxidative damage indicators
The protein extraction of Hep3B cells was performed using Mammalian Cell Lysis Kit (SigmaAldrich, MO, USA). And BCA protein assay kit from the same company was used to determine the protein concentrations of each treatment group. The measurements of superoxide dismutase (SOD), glutathione reductase (GR), nitric oxide (NO), catalase (CAT), and malondialdehyde (MDA) content were performed using the content detection assay kits from Jiancheng Institute of Biotechnology (Nanjing, China) strictly according to the manufacturer's protocols.
Statistical analysis
The data are expressed as mean ± standard deviation (SD) of three independent experiments. Statistical significances of differences between the treatment groups and the control group were accessed using one-way analysis of variance (ANOVA). The acceptance level of significance was p < 0.05.
Results
Cr (VI) induced apoptosis in p53-deficient Hep3B cells when caspase-3 was blocked
The present study was aimed to explore the effect of Cr(VI) on Hep3B cells without the functional roles of p53 and caspase-3, thus a specific caspase inhibitor Z-VAD-fmk was used. We found that the survival rate of Hep3B cells was not significantly affected (Fig. 1A ) when they were treated with Z-VAD-fmk (5, 10, 20 μM). We chose Z-VAD-fmk concentration of 10 μM for the following studies. A concentration-dependent decrease of cell survival rate was observed in p53-deficient Hep3B cells exposed to varying doses of Cr(VI) (2.5-100 μM) over a 12-h period (Fig. 1B) , indicating the cytotoxicity of Cr(VI). The caspase-3 activity results in Fig. 1C confirmed the specificity of Z-VAD-fmk since the activity of caspase-3 was blocked in the combination treatment group of Cr(VI) and Z-VAD-fmk. As shown in Fig. 1B , although caspase-3 was inhibited, Cr(VI) treatment still led to significant decrease of survival rate in p53-deficient Hep3B cells. The result was also confirmed by detection of apoptosis using Annexin V-FITC and PI double stain by flow cytometry in Fig. 1D . Compared with control, the percentages of both early apoptotic cells (as reflected in the lower-right-hand quadrant, Annexin V positive) and late apoptotic cells (depicted in the upper-right-hand quadrant, positive for both Annexin V and PI) were significantly increased in both Cr(VI) (20 μM) and the combination of Cr(VI) (20 μM) and Z-VAD-fmk treatment groups. The result revealed that Cr(VI) still induced apoptosis in Hep3B cells lacking of p53 and caspase-3 functions.
Cr (VI) induced DNA damage in p53-deficient Hep3B cells when caspase-3 was blocked
DNA damage of p53-deficient Hep3B cells with different exposure times (0-12 h) of Cr(VI) (20 μM) was determined by counting the positive rate of comet cells using single cell gel electrophoresis. For each group 200 cells were counted. The positive rate of the comet cells was increased along with the increasing exposure time (Fig. 2A) . And we chose the exposure time of 12 h at which the positive rate reached 40% for the following experiments.
As shown in Fig. 2B , when caspase-3 was blocked by Z-VAD-fmk (10 μM), Cr(VI) induced as many positive comet cells as the Cr(VI) alone treatment group, indicating that Cr(VI) could induce DNA damage without the functions of p53 and caspase-3. Fluorescence microscopy 
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showed that the vast majority of cells were in regular circle shape without tails or halos around in the control group, while the cells in both Cr(VI) and the combination of Cr(VI) and Z-VAD-fmk treatment groups showed apparent comet tails because of DNA strand breakage (Fig. 2C ). 100 cells from each group were randomly selected for image analysis using Comet Assay Software Project (CASP), and head DNA percentage (HDNA%), tail DNA percentage (TDNA%), comet tail length (TL), comet length (CL), tail moment (TM) and Olive tail moment (OTM) were calculated. As shown in Table 1 , Cr(VI) alone group and the combination group revealed the same DNA damage index changes.
Cr (VI) induced mitochondrial damage and oxidative stress in p53-deficient Hep3B cells when caspase-3 was blocked
Mitochondrial damage can be characterized by the opening of PTP and the collapse of ΔΨm [32] . We found that the cells in both Cr(VI) and the combination of Cr(VI) and Z-VADfmk treatment groups showed statistically significant increase of PTP open rate compared (Fig. 3A) . The similar result was observed in detecting ΔΨm. As shown in Fig. 3B , both the Cr(VI) alone and the combination treatment groups showed obvious increase of absorbance compared with the control group (p<0.05), suggesting Cr(VI) treatment leads to the collapse of ΔΨm. In order to determined whether Cr(VI) induced oxidative damage in Hep3B cells or not, we measured cellular levels of SOD, GR, NO, CAT, and MDA after treatment. Both Cr(VI) alone and the combination treatment groups showed the decreased levels of CAT, SOD and GR but increased levels of NO and MDA. The differences were all statistically significant compared with those in the control group (p<0.05) ( Table 2) .
Cr (VI) increased the production of ROS in p53-deficient Hep3B cells when caspase-3 was blocked
Since ROS play an important role in apoptosis induction, we speculated that Cr(VI) might cause ROS accumulation in p53-deficient Hep3B cells when caspase-3 was blocked. ROS were measured using the oxidant-sensitive fluorogenic probe CM-H 2 DCFDA. As shown in Fig. 4A , the quantitative analysis by flow cytometry revealed that ROS levels in the Cr(VI) group and Z-VAD-fmk plus Cr(VI) group showed no significant difference, and they were both higher than that in the control group (p<0.05). ROSUP served as positive control. When checking under microscope, we found similar to the positive control group, much higher levels of fluorescence signal were induced in the Cr(VI) group and Z-VAD-fmk plus Cr(VI) group (Fig. 4B) . The result indicated that Cr(VI) still lead to ROS accumulation in p53-deficient Hep3B cells when caspase-3 was blocked.
Cr (VI) acted mainly through ROS
We inferred that ROS played an important role in the toxic effect of Cr(VI) when the functional roles of p53 and caspase-3 were blocked based on our results, thus we used the antioxidant NAC to inhibit the production of ROS. We first checked the effect of different (Fig.  5A ). As shown in Fig. 5B , both the flow cytometer (upper panel) and the microscopy (bottom panel) results revealed that treatment of NAC reduced ROS levels of the Cr(VI) group and Z-VAD-fmk plus Cr(VI) group to the same level of the control group. As we expected, NAC rescued DNA damage in both Cr(VI) and the combination of Cr(VI) and Z-VAD-fmk treatment groups, which was characterized by the disappeared or shrunk comet tails and halos (Fig. 5C ). Flow cytometry analysis for apoptosis detection also revealed that the use of NAC decreased both the percentage of early apoptotic cells and late apoptotic cells in the two groups (Fig. 5D ).
Discussion
Cr and its compounds are strategic and critical materials that have been widely used in the metallurgical and chemical industries including stainless steel and noniron alloy production, leather processing, and catalyst production [33] . Mitochondria, the "cellular power house", are known not only for the function of supplying energy, but also for other tasks such as signaling, regulation of cellular metabolism, and control of the cell differentiation and apoptosis [34] . Mitochondrial dysfunction plays an important role in cellular apoptosis induction and has even been recognized as central player in the apoptotic pathway. The previous data suggested that in some apoptotic systems, the opening of PTP and the collapse of ΔΨm are early events in apoptosis [35] . Although loss of ΔΨm may not be the requirement for apoptosis induction, it is necessary for the release of cytochrome c (Cyt C) and apoptosis inducing factor (AIF) [36] . The irreversible modification of DNA nucleotides or the breakage of DNA strands induced by various factors can cause DNA damage, which may lead to severe cellular injury. Previous studies have shown that exposure to Cr(VI) induces mitochondrial damage, oxidative stress, and DNA damage such as chromosome aberrations, sister chromatid exchanges, and the related mechanism studies revealed that p53 is a major mediator [37] . p53 dysfunction promotes checkpoint defects, genomic instability, inappropriate survival, and apoptosis. It is well studied that p53 regulates apoptosis mainly by transcriptional controlling Bcl-2 family and apoptotic pathway, targeting survival signaling such as PI3K/AKT, and disturbing redox metabolism to induce ROS accumulation prior to the onset of apoptosis [38] . Two major apoptotic pathways are involved in heavy metal-induced apoptosis: death receptor pathway (Fas→caspase-8→caspase-3) and p53-dependent mitochondrial pathway (p53→mitochondrial→Cyt C and AIF→caspase-9→caspase-3) [39] . Caspase-3 is absolutely necessary in the apoptosis process because of its involvement in both of the pathways. In addition to acting as the major effector caspase involved in the initiation and progression of apoptosis, caspase-3 is also required for DNA fragmentation and morphological changes in cells undergoing apoptosis [40] .
Although it is supported by a large body of literatures that p53 and caspase-3 played key roles in Cr(VI)-induced cytotoxicity, it is clear that Cr(VI) could induce apoptosis without activating caspase, or in a p53-independent manner. To the best of our knowledge, no study has been conducted to explore the effect of Cr(VI) on apoptosis when the function of p53 and caspase-3 are blocked simultaneously. In the present study, we employed caspase inhibitor Z-VAD-fmk in p53-deficient human hepatoma cell (Hep3B) line to obtain the p53 and caspase-3 function-loss in vitro system. And for the first time we identified that Cr(VI) exposure also induces mitochondrial damage, oxidative stress, DNA damage, and apoptosis without the functional roles of p53 and caspase-3.
It has been confirmed that the over-production of ROS accounts for most of the deleterious effects of Cr(VI). The excessive ROS can be efficiently eliminated by endogenous enzymatic ROS scavengers such as SOD, CAT and GR under normal physiological conditions [41] . Once the rate of ROS generation exceeds the scavenging capacity of antioxidant defense systems, the cytotoxicity induced by Cr(VI) occurs. In our previous studies, we have clearly demonstrated that Cr(VI) induces ROS accumulation by directly targeting and inhibiting mitochondrial respiratory chain complex (MRCC) I on electron transfer chain (ETC) [42, 43] . As part of the ETC, Cyt C mediates electron transfer and plays a role in apoptosome formation and apoptosis progression [44] . It is suggested that the release of Cyt C did not occur in the presence of ROS scavengers such as SOD and CAT, indicating that the release of Cyt C from intact mitochondria into the cytoplasm depends on the function of ROS [45, 46] . Bcl-2 family is a family of evolutionarily related apoptosis regulator proteins that can be either pro-apoptotic (Bax, Bad, Bak) or anti-apoptotic (Bcl-2, Bcl-XL). ROS regulate the phosphorylation and ubiquitination of Bcl-2 family members to control their expression. And there is also evidence that ROS enhanced apoptosis by regulating Bax translocation [47] and by decreasing expression of Bcl-2 [48] .
NAC is a wildly used antioxidant in the field of apoptosis mechanism study to explore the role of ROS in apoptosis induction [49] . We observed that the antioxidant NAC cotreatment has the protective effect against Cr(VI)-induced DNA damage and apoptosis in Hep3B cells without the functional roles of p53 and caspase-3. This is because NAC could scavenge the excessive cellular ROS induced by Cr(VI) both by itself or by increasing GSH levels [50] . Besides, Cr(VI) can even be reduced out of the cells by NAC to Cr(III), which may form insoluble hydrated complexes that can not cross cell membranes, and the ROS produced during the reduction process can also be cleared by NAC. In summary, in the present study we demonstrated that Cr(VI) induces apoptosis in Hep3B cells without the functional roles of p53 and caspase-3, and the mechanism study revealed that this is in a ROS-dependent manner since NAC co-treatment showed the protective effect against Cr(VI)-induced apoptosis. Our research may provide the experimental evidence for interpreting the mechanisms for Cr(VI)-induced cytotoxicity and shed light on the importance of using antioxidants for primary and secondary prevention in Cr(VI) occupational exposure populations.
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